A specific, accurate liquid-chromatographic/mass-spectrometric (HPLC/MS) method for measurement of cholesterol sulfate in plasma from normal individuals and patients with recessive X-Iinked ichthyosis (RXLI) is described. The method is superior to previously described techniques because it measures the analyte intact rather than after hydrolysis. Traces of free cholesterol in the sample analyzed do not add to the measured result. We used either [13C2]cholesterol sulfate or [2H6}cholesterol sulfate as internal standards, whicri we add to plasma before extraction. Use of such standards makes quantitative extraction unimportant. We use a single solid-phase extraction (SPE) C18 cartridge for plasma extraction. After the cartridge is washed with methanol/ammonium acetate solutions, the fraction containing the steroid sulfates is eluted with methanol, evaporated, and subjected to HPLC/MS analysis, wherein the molecular anions of analyte and internal standards are monitored. The peak ratio gives the cholesterol sulfate concentration directly. 
'Nonstandard abbreviations: HPLCIMS, "high-performance" liquid chromatography/massspectrometry;RXLI, recessive Xlinked ichthyosis;SPE, solid-phaseextraction; CC/MS. gas chromatography/massspectrometry;and FAB, fast atom bombardment.
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disorder.
Highly increased cholesterol sulfate has since been reported in several studies (5) (6) (7) . Although concentrations of cholesterol sulfate were 30 to 40 times normal in the condition, sulfated C,9 and C2, steroids were at normal concentrations or only moderately increased (8). Cholesterol sulfate estimations have thus become the method of choice for confirmation of the disorder.
From consideration of its familiar and simple structure, one might conclude that cholesterol sulfate analysis is straightforward, but this is not the case and it is a difficult compound to determine accurately. Because this analyte represents only 0.1% of the total cholesterol in plasma, it is vulnerable to contamination from nonsulfated cholesterol. Fortunately, the increase of cholesterol sulfate in RXLI is sogreat that diagnosis of the disorder is not difficult despite the difficulty of the assay. However, accurate assessment of the concentrations in normal individuals is difficult, primarily because almost all published methods have relied on final quantification of free cholesterol released from cholesterol sulfate rather than measuring the intact molecule (3-7, 9).
A few years ago we adopted the fast atom bombardment (FAB) mass spectrometric technique for cholesterol sulfate measurement (10, 11) because of this technique's effectiveness in the analyses for polar conjugated steroids (12). Stable-isotope-labeled cholesterol sulfate was the internal standard. Although cholesterol sulfate was easily determined at the concentrations present in affected RXLJ patients, it could not be reliably detected in normal individuals.
Because thermospray HPLC/MS combines a separation step with soft-ionization mass spectrometry (13), we considered it might be an ideal method for cholesterol sulfate estimation. Negative-ion thermospray mass spectra of steroid sulfates are dominated by the molecular anion [M -H], an ion well-suited to analysis by selected-ionmonitoring (14) . We report here the development of a quantitative method for cholesterol sulfate in plasma by thermospray HPLC/MS. The upperchromatogram is for the analyte. The internal standard-in this case, f'3C2lcholesterol sulfate-is in the lower cilromatogram. The mass spectrometer data system automatically calculates the relative peak heights (A), from which the concentration of cholesterol sulfateis determined heights and computed the analyte/internal standard ratio. Recovery. We developed an efficient recovery/purification procedure for Sep-Pak C18 cartridge extraction of plasma cholesterol sulfate, using ['4C]cholesterol sulfate as the tracer. This radiolabeled steroid was added to plasma before the stepwise cartridge extraction and washing procedures as described in Methods. Portions of the flowthrough fraction, the washing fraction, and the final methanol elution were counted by liquid scintillation. It was found that the methanol eluate contained 93% of the added labeled steroid. In practice, reproducibility of recovery of cholesterol sulfate from individual samples need not be high, because a stable-isotope-labeled internal standard is added at the beginning of the procedure and it is well accepted that this type of standard essentially behaves identically to the analyte through all steps of work-up procedures.
Materials and Methods

Reagents. ['3C2]Cholesterol was obtained from Merck
Linearity.
In a mass-spectrometric analysis dependent upon measurement of peak heights given by two monitored ions, it is important to establish instrument detection linearity over the analyte concentration range. To demonstrate this, standard solutions with the following ratios of unlabeled/E2H6]cholesterol sulfate were analyzed: 4/1, 2/1, 1/1, 1/2, and 1/4. The amount of internal standard injected was constant at 1.64 mol. Figure 3 illustrates the standard curve obtained and shows that, over the range 0.41 to 6.57 mol, analyte/internal standard measurement was linear.
Reproducibility. Table 1 by data obtained by extracting and analyzing six aliquots of the same normal plasma.
The reproducibility of the technique is shown in
['3C2)Cholesterol sulfate was used in this experiment, and calculations were therefore made on the ratio of m/z 465 to m/z 467 ion. The mean concentration in this normal plasma was 2.66 (SD 0.037) pmoLfL, with a coefficient of variation of 1.4%.
Quantification.
We measured cholesterol sulfate in 42
Mass RatIo 4711465 Fig. 3 There is no doubt that all of the above methods can measure cholesterol sulfate and can be used for diagnosis of RXLI. However, all are less than ideal because they do not measure the analyte but rather free cholesterol prepared by solvolysis from the analyte. When one considers that cholesterol sulfate represents only about 0.1% of the total circulating cholesterol, a very small carryover of free cholesterol into the sulfate fraction will markedly increase the measured concentration, particularly in normal persons. The methods for removing free cholesterol were either C18 The results we present illustrate the ease with which cholesterol sulfate can be quantified by HPLC/MS. The method is extremely rapid, requiring only a C18 cartridge extraction with selective washings and HPLCIMS of the extract. The quantification is based solely on the molecular mass of cholesterol sulfate, so free cholesterol cannot contribute to the.signal. As in the GC/MS method of Bjorkhem et al. (7) , a stable-isotope-labeled internal standard is used. Thus, less attention need be paid to quantitative recovery. The method also has the advantage over gas chromatography that no derivatization is required before separation.
The linearity of standard curves for analyte and internal standard was excellent, and the method showed good reproducibility. The analytical requirements for an RXLI diagnostic method are not stringent, because there is such a great difference between the concentrations in affected and unaffected individuals. This method should be particularly useful for accurate measurement of cholesterol sulfate in normal individuals, because contamination with free cholesterol is not a problem as it is in methods that rely on measurement of the steroid after solvolysis. The fact that we have a tighter grouping of values for normals and negative-RXLI patients than reported in other studies gives us confidence in our exclusion of endogenous cholesterol. We have a mean of 2.62 (SD 0.57) mo1JL, the highest value being 3.95 mo1JL, whereas other studies report means double this value and individual concentrations as high 10 mol/L.
Although HPLC/MS is an ideal method for quantifying cholesterol sulfate, FAB/MS can also be used. We have previously published on this measurement (10, 11) , and the results obtained were similar to those obtained by the current technique. The molecular anions we scanned for analyte and internal standard are the same as those for
HPLC/MS
and, at least when [13C2}cholesterol sulfate is used as internal standard, both desorb from the sampleinsertion probe at the same rate, so results are valid and reproducible. Under typical operating conditions the FAB/ MS technique has a limited ability to measure cholesterol sulfate in the concentrations normally present. This is ascribable to the lack of a separation step and the presence of background ions at every mass in FAB spectra.
